To achieve wide-range, high-integration, and real-time performance on the neutron flux measurement on the HL-2A tokamak, a digital neutron flux measuring (DNFM) system based on the peripheral component interconnection (PCI) eXtension for Instrumentation express (PXIe) bus was designed. This system comprises a charge-sensitive preamplifier and a field programmable gate array (FPGA)-based main electronics plug-in. The DNFM totally covers source-range and intermediate-range neutron flux measurements, and increases system integration by a large margin through joining the pulse-counting mode and Campbell mode. Meanwhile, the neutron flux estimation method based on pulse piling proportions is able to choose and switch measuring modes in accordance with current flux, and this ensures the accuracy of measurements when the neutron flux changes suddenly. It has been demonstrated by simulated signals that the DNFM enhances the full-scale measuring range up to 1.
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In a tokamak, neutrons are produced via D-D and D-T fusion reactions, as well as photonuclear interactions caused by plasma disruption. Accordingly, neutron flux measurement provides us with a reliable basis for analyzing fusion reaction power and its spatial-temporal distribution in different conditions, as well as the instability of magnetic fluids at the high-temperature central plasma [1] [2] [3] . Besides, it is feasible to estimate plasma conditions or calculate other fusion products, such as protons, deuterium, 3 He, α, etc [4, 5] . Therefore, neutron yield measurement and neutron activity research have drawn wide attention. With the rapid development of thermal nuclear fusion research on the HL-2A tokamak in recent years, plasma temperature and density are increasing, the duration of electric discharge is getting longer, and reaction rates are getting higher. Neutron flux measurement has constantly increased its demand on uniform management, centralized control, and data processing capabilities. Therefore, the developmental trend of measuring systems is to achieve a higher degree of integration and digitalization [6, 7] . Neutron flux measuring systems used in traditional nuclear power stations are no longer suitable for tokamak devices because of their large size and low digitalization. Therefore, in this paper, we develop a DNFM with a wide range and high integration level for the neutron measurement requirements of the HL-2A tokamak [8, 9] .
Measurement principles
Fusion reactions produce neutrons together with large quantities of γ rays. In order to suppress the interference of γ rays, a fission chamber with high γ radiation resistance and long service life is used in neutron detections [10, 11] . The neutrons will interact with nuclei of the fissile material, causing gas ionization in the chamber and forming an output signal. When the neutron flux is low, the detector output signals have little pile-ups, and it is available to measure neutron flux by counting the pulse number at this time.
When the neutron flux is high, pile-up occurs in the output pulse; hence, it is impossible to accurately measure the neutron flux by the pulse-counting method, while traditional methods use detectors of different sensitivities to achieve wide-range coverage by means of range relays. To achieve wide-range measurements on a single detector, this paper adopts the Campbell mode in high flux [12] [13] [14] . Since nuclear radiation incidence and its signal output generated in the detector obey Poisson distribution, then the probability of n pulses occurring in ΔT time is
where λ is the average counting rate, and the expectation
, of n pulses occurring in ΔT time are represented as follows:
The electric charge of each current pulse from the chamber output has certain distributions, which is related to factors such as incident pulse energy and the detector's selfstatistical fluctuations. Considering that the detector outputs pass through a linear time-invariant system whose impact response is ( ) h t , then pulse impact within the time span of t to t t + d will contribute to the output voltage at system time t. As shown from equation (4) the average value v d of the output voltage at system time t is as follows:
where ( ) u t is a unit step function, and Q is used to represent the average quantity of electric charge. Since the quantity of electric charges Q and the number of pulses n within the time span of t to t t + d are both chance variables, the variance of their contribution to the output voltage at system time t are entirely caused by the randomness of n. Then, according to equations (3) and (4), we have
Furthermore, if the pulse arrives randomly, then the Campbell theorem expression is derived as follows:
and Q 2 are constant due to the linear timeinvariant feature and fixed average energy of fission fragments. Therefore, the neutron flux λ is directly proportional to the population variance
, where the constant k is the ratio coefficient, and equation (6) can be simplified as follows:
is irrelevant to the signal baseline, it is feasible to block the DC shift caused by signal pile-ups in high flux and decrease the probability of signal clipping. This is done through the AC coupling method. Compared to measuring root-mean-square voltage in DC coupling, this method is better for measuring range expansion. Besides, the high voltage leakage current caused by high temperature will not bring about additional error to the system.
System implementation
The derivations above show that it is feasible to expand the neutron flux measuring range without increasing the number of detectors. This can be accomplished by combining the counting mode and Campbell measuring mode, saving the number of detectors and satisfying the design requirements of having a wide range and high integration. The main digital electronics in this system design effectively achieve the Campbell measuring method based on population variance described in equation (6) , and is compatible with the upper control system. The main electronics acquire the neutron flux by sampling, processing, and analyzing algorithm; thus, the main electronics and their supporting handling algorithms are key to the design. Figure 1 is a schematic diagram of the DNFM, comprising a fission chamber, a preamplifier, main electronics, and a PXIe controller. The fission chamber is responsible for neutron detection, while the preamplifier amplifies and transmits the chamber outputs to main electronics. The main electronics system is a standard plug-in based on the 3U PXIe standard of PXIe bus, and is responsible for signal processing and system control.
Preamplifier design
The low amplitude and high output resistance of fission chamber outputs result in poor driving capability, which is arduous to be directly processed by main electronics. Therefore, a charge-sensitive preamplifier is designed to amplify signals and improve driving capability. This is connected to the main electronics via a 15 m coaxial cable. There are three stages to the preamplifier, namely, the charge integrator and pole-zero canceler (A1), the gain block (A2), and the output driver (A3), as displayed in figure 2 . The operational amplifier (OP-AMP) employed in the output driver has a high supply voltage of ±6 V, which is conductive to expanding the dynamic output range, and helps reduce probabilities of clipping distortion under high flux [15] . In addition, we select feedthrough capacitors for power input filtering, and low noise low dropout regulators with high power supply rejection ratio are applied as the OP-AMP voltage supplies, thus providing an impressive resistance against ambient noise.
Main electronics design
The main electronics are the core of the system, which is responsible for system control and signal processing. The main electronics system is a standard 3U PXIe plug-in that adopts a single-card four-channel design to sufficiently increase the integration degree. Since each plug-in can work independently, it is possible to rapidly extend channels by increasing the number of plug-ins. The structure is shown in figure 3 .
When an analog signal is transmitted to the main electronics plug-ins, it is firstly modulated by the front analog processing circuit with the fixed attenuator and variable gain amplifier (VGA), making the gain range from −14 dB to 4 dB, with 0.125 dB stepping. By adjusting the gain and offset through the VGA and an octal digital-to-analog converter (DAC) (DAC8718, Texas Instruments Inc.), the dynamic range of a unipolar signal will be regulated to be compatible with the dynamic range of the analog-to-digital converter (ADC) input. This improves the utilization of the dynamic range of the ADC input, and reduces the quantified error. The VGA also integrates single-ended to differential converters to directly drive ADC, which greatly enhances the circuit integration.
Next, the modulated signal is digitalized by a sampling rate of 250 Msps, and 14 bit quad-channel ADC (ADS4449, TI Inc.), in conjunction with a high quality clock signal provided by a clock generator. The signal is then outputted through a dual data rate (DDR) low-voltage differential signaling (LVDS) parallel interface to a field programmable gate array (FPGA). As the key component for signal processing and control, FPGAs are widely applied in highly customized real-time parallel digital processing applications. FPGA firstly deserializes the two-channel 14 bit 500 MHz ADC outputs into four-channel 14 bit 250 MHz ones, and then transmits them to the processing unit to get a real-time neutron flux; the data processing algorithms are introduced in detail in the next chapter. As the control core, the FPGA also completes the chip's initialization configuration, system self-inspection, and coordination of each constituent unit on the plug-in. Furthermore, the FPGA achieves high-speed data and instruction interaction with the upper computer via the PXIe interface.
Data processing algorithms
As mentioned previously, in order to achieve wide range neutron flux measurements on a single fission chamber, a combination of the pulse counting mode and Campbell mode is indispensable. All real-time data treatment tasks are implemented in the FPGA; the FPGA data processing diagram is shown in figure 4 .
The pulse counting mode is adopted at low neutron flux. Although α particles emitted by spontaneous decay will interfere with neutron counting, the energy of nuclear fission fragments produced by neutron-induced fission is much higher, and therefore α particles and other interference particles can be easily eliminated after pulse shaping and threshold discrimination algorithms. The neutron flux is measured by recording duration at a constant pulse, thus endowing a favorable statistical accuracy under low neutron count rates. Where there is high neutron flux, the interference particles account for a small proportion. Therefore, eliminating interference is dispensable. Nevertheless, pile-up occurs in the preamplifier output signals. At this stage, the Campbell theorem expression derived previously should be applied to neutron flux measurements.
In the pulse counting mode, an abrupt increase in the neutral beam injection (NBI) power will cause a neutron flux jump from low level to high level, causing serious signal pileups at this time [16] [17] [18] [19] . If the pulse counting mode is still being used, serious errors will occur in the measurement and cause the upper-level control system to make erroneous judgment on the work status of the tokamak. Accordingly, a mode selection module is built to choose and switch measuring modes accurately and automatically. It is established by monitoring the real-time pile-up proportion, based on the assumption that pile-up occurs when the energy of fission fragments exceeds an upper limit.
Calibration and experiment
The system must be tested before being put into the experiment. A fission chamber detector with polyethylene moderated cladding was selected for the test, and the sensitivity level was 1.3 cps cm −2 s −1 (cps: counts per second), and high voltage was kept at 650 V.
In order to locate the proper discrimination threshold needed for the pulse counting mode, a pulse height analysis (PHA) was established inside the FPGA to acquire the signal amplitude spectrum by taking advantage of its re-configurable feature. Figure 5 is the preamplifier output signal amplitude spectrum measured at low counting rate. The amplitude spectrum shows that neutron signals and non-neutron signals can be fairly well distinguished at the threshold of 120 mV. Besides, the amplitude spectrum is restricted below 640 mV. If a pulse exceeds this value, it is considered to be a piled signal. Figure 6 shows the relative errors between the two measuring methods and the actual neutron flux in different flux. It is inferred that when the neutron flux is less than 1.2×10 5 cm −2 s −1 , the error of the pulse counting mode is smaller than that of the Campbell mode; conversely, the Campbell mode has smaller errors when the neutron flux is higher than 1.2×10 5 cm −2 s −1 . Meanwhile, the measured piling proportion is around 4% when the neutron flux is at 1.2×10 5 cm −2 s −1 . Therefore, the selection module chooses the pulse counting mode when the piling proportion is smaller than or equal to 4%, and switches to the Campbell mode when it is higher than 4%.
Since the values measured in the Campbell mode were only signal variances, which cannot directly reflect the absolute value of neutron flux, a calibration was carried out to calculate the ratio coefficient k described in equation (7) [20] . Due to electronics noise and spontaneous fission, the measured 1/k has a big error in low flux, but the above interferences do not increase with the increase of neutron flux. The curve indicated in figure 7 gradually declines until it stabilizes in the Campbell measuring region at 116 700 cm 2 s, namely, the reciprocal of ratio coefficient k.
A test was carried out on the system's full-scale measuring range. Simulated preamplifier outputs were generated by a pulse function arbitrary generator (81160A, Keysight Inc.), using Poisson distributed neutrons with white noise. The measured results versus the simulated preamplifier outputs count rate is plotted in figure 8 . Test results show that the system count rate can reach 1.9×10 8 cps; when this value is exceeded, errors increase drastically because of clipping by the preamplifier. The measurement errors of this system under the pulse counting mode is smaller than 6.1%, and is between 4.8%-6.1% under the Campbell mode, meeting the requirements of being less than 10%.
This system was installed and tested on an HL-2A device. Figure 9 shows the NBI power in shot 29484 and the real-time neutron flux measurements, with the NBI energy of 40 keV. Figure 9 implies that neutron flux is measured by the Campbell and pulse counting modes, respectively, approximately between 10-200 ms and 200-260 ms. It is also concluded that the variation of neutron flux closely matches the NBI variation trends, thus proving a high temporal sensitivity of the system at the ten millisecond time interval.
Conclusions and prospect
This paper proposes a DNFM system with a wide range and high integration for the HL-2A tokamak device. This system is based on high speed data sampling and an FPGA, and takes advantage of specially designed electronic circuits as well as appropriate digital data processing algorithms. The total measuring range covers the source range and intermediate range, expanded by a combination of the pulse counting mode and Campbell mode. Meanwhile, based on pulse piling proportion discrimination method, this system achieves a realtime switch between the two measuring modes and ensures measurement accuracy. Test results verified that this system accomplishes a neutron flux measuring range greater than 1.9×10 8 cm −2 s −1 , and the entire range error is less than 6.1%. The single detector wide-range design of this system reduces demands on the detector, and saves precious experiment space. The entirely digital main electronics enables the compatibility between this system and the upper control system, and increases system integration by a big margin. This system is used in relevant experiments of HL-2A plasma diagnosis, and has accumulated precious experience for neutron measurements in large devices. 
